Selective afferent activation can be used to improve somatosensory function, possibly by altering cortical inhibitory circuit activity. Peripheral electrical stimulation (PES) is widely used to induce selective afferent activation, and its effect may depend on PES intensity. Therefore, we investigated the effects of high-and low-intensity PES applied to the right index finger on tactile discrimination performance and cortical sensory-evoked potential paired-pulse depression (SEP-PPD) in 25 neurologically healthy subjects. In Experiment 1, a grating orientation task (GOT) was performed before and immediately after local high-and low-intensity PES (both delivered as 1-s, 20-Hz trains of 0.2-ms electrical pulses at 5-s intervals). In Experiment 2, PPD of SEP components N20/P25_SEP-PPD and N20_SEP-PPD, respectively, were assessed before and immediately after high-and low-intensity PES. Improved GOT discrimination performance after high-intensity PES (reduced discrimination threshold) was associated with lower baseline performance (higher baseline discrimination threshold). Subjects were classified into low and high (baseline) GOT performance groups.
INTRODUCTION

4
Afferent input induced by repeated peripheral somatosensory stimulation is highly effective for improving somatosensory function. For example, several studies have shown that high-frequency repetitive tactile stimulation improves tactile two-point spatial discrimination of the stimulated finger (Godde et al., 2000; Pleger et al., 2003; Dinse et al., 2006; Hoffken et al., 2007; Kowalewski et al., 2012) . It is widely accepted that the repetitive nature of peripheral somatosensory stimulation is critical for modulating perceptual performance in tactile spatial discrimination tasks. Repeated peripheral electrical stimulation (PES) has been shown to have effects similar to repeated tactile stimulation. Indeed, PES applied to the index finger improved the tactile two-point discrimination of that finger (Schlieper and Dinse, 2012) as well as the somatosensory temporal discrimination threshold, the smallest time interval between two tactile or electrical stimuli still detected as separate (Erro et al., 2016; Rocchi et al., 2017) .
In contrast, PES had no effect on tactile orientation discrimination, a perceptual task similar to tactile spatial two-point discrimination (Rocchi et al., 2017) , suggesting that the effect of PES may differ between discrimination tasks. Alternatively, it is possible that this difference is due to PES intensity. Schlieper and Dinse (2012) reported that both high-and intermediate-intensity PES improved tactile spatial two-point discrimination, while low-intensity PES did not. On the other hand, Rocchi et al (2017) have found that high-intensity PES had no effect on tactile orientation discrimination. However, to our knowledge little is known regarding the effect of low-intensity PES on tactile orientation discrimination. Moreover, the effects of PES may be obscured by subject heterogeneity. A previous study using transcranial magnetic stimulation has reported that PES effectively decreased corticospinal excitability (Fernandez-Del-Olmo et al., 2008) , while another neurophysiological study has found that PES using stimulus parameters similar to Fernandez-Del-Olmo (2008) had no effect on corticospinal excitability (Tinazzi et al., 2005) . Although high-intensity PES did not appear to influence 5 orientation discrimination, the effects of both high-and low-intensity PES on tactile orientation discrimination may be obscured by subject heterogeneity.
It is well known that perceptual improvement induced by PES is related to changes in excitability and functional circuit organization in primary somatosensory cortex. Godde et al (1996) have reported that repetitive somatosensory stimulations enlarged cutaneous receptive fields in primary somatosensory cortex, and Pleger et al (2003) have found that improved tactile spatial two-point discrimination induced by repetitive somatosensory stimulation was related to the enlargement of stimulated digit representation in primary somatosensory cortex.
Recently, it is shown that perceptual improvement induced by PES is related to the activity of inhibitory circuits in primary somatosensory cortex. Rocchi et al (2017) have shown that PES decreased the paired-pulse somatosensory-evoked potential (SEP) amplitude ratio (somatosensory-evoked potential paired-pulse depression, SEP-PPD), suggesting a contribution from inhibitory circuits in primary somatosensory cortex and that increased SEP-PPD induced by PES can improve performance in a somatosensory temporal discrimination task.
Conversely, Hoffken et al (2010) have found that repeated tactile stimulation decreased SEP-PPD, indicating a decrease in inhibitory circuit activity in primary somatosensory cortex. Thus, it is currently unclear how changes in inhibitory circuit activity within primary somatosensory cortex are related to perceptual improvement or disruption. However, considering that decreased SEP-PPD was associated with the worsening of tactile spatial two-point discrimination in elderly subjects (Lenz et al., 2012) , increased SEP-PPD may be related to the perceptual improvement in tactile orientation as well as spatial two-point discrimination tasks following PES.
The SEP N20/P25 component has been used to investigate the neurophysiological mechanism underlying perceptual improvement induced by PES and repeated tactile stimulation (Hoffken et al., 2010; Rocchi et al., 2017) . Considering that N20 is generated by area 3b (Allison et al., 1989) and P25 by areas 1 and 2 (Allison et 6 al., 1991) and 4 (Desmedt et al., 1985) , separate analyses of these two SEP components may help reveal the neurophysiological mechanisms underlying perceptual improvement induced by PES.
The purpose of this study was to investigate the effects of PES on performance of a tactile orientation discrimination task, and the relationship between changes in tactile orientation discrimination and SEP-PPD by individual analyses of N20 and P25 components.
EXPERIMENTAL PROCEDURES Subjects
Twenty-five neurological normal subjects (age range, 20-33 years; mean ± standard deviation, 22.0 ± 2.5 years; 12 females) participated in this study. Twenty-four subjects were right handed, and one subject was left handed. All subjects provided written informed consent before entering this study. This study was performed in accordance with the Declarations of Helsinki and approved by the ethics committee of Niigata University of Health and Welfare.
PES
PES was applied to the right index finger pad for 30 minutes using a bipolar electrode connected to an electrical generator (SEN-7203; Nihon Kohden Co., Tokyo, Japan) through an isolator (SS-104; Nihon Kohden Co.). The stimulus intensity was set to either (i) the highest intensity endured without pain minus 0.1 mA (high-intensity PES) or (ii) the lowest intensity that the subjects could perceive plus 0.1 mA (low-intensity PES).
A previous study reported that high-intensity PES was effective for improving tactile discrimination performance, 7 while low-intensity PES did not affect performance (Schlieper and Dinse, 2012) . Stimulation was delivered in 1-s trains of 20 single electrical pulses (20 Hz) with a pulse width of 0.2 ms and inter-train interval of 5 s based on previous studies Schlieper and Dinse, 2012; Freyer et al., 2013; Rocchi et al., 2017) .
Grating orientation task
Tactile spatial discrimination performance was assessed at the tip of the right index finger by a grating orientation task (GOT) widely accepted as a measurement of somatosensory spacing discrimination performance (Sathian et al., 1997; Goldreich and Kanic, 2003; . The subjects were comfortably seated blindfolded on a reclining chair and received tactile stimulation from eight hemispherical domes with grooves of different width (3.0, 2.0, 1.5, 1.2, 1.0, 0.75, 0.5, and 0.35 mm). We used a custom-made device that automatically controls up-down movements of the domes for high accuracy and reproducibility of tactile stimulation (S-16026; Takei Scientific Instruments Co. Ltd., Niigata, Japan). The subject's right finger was laid on a hard surface with a 20-mm-diameter hole to allow the stimulation of the index finger by the dome.
Elevation speed of the hemispherical dome was set to 20 mm/s, and tactile stimulation duration was set to 1 s.
The applied force was set to 15 N. The subjects were instructed to place their finger on the device and maintain the initial position for constant stimulation across trials.
Measurement of PPD
Inhibitory mechanisms in primary somatosensory cortex were evaluated by a paired-pulse protocol.
Paired-pulse stimuli with an interpulse interval (IPI) of 100 ms were delivered to the median nerve at the right wrist using a bipolar electrode connected to an electrical generator through an isolator. The interstimulus interval 8 between each stimulus was 3 s. The stimulus intensity was set to 120% of the motor threshold, which was defined as the lowest stimulation that induced a visible muscular twitch in the thenar muscle. The pulse duration was set to 0.2 ms.
The somatosensory-evoked potential (SEP) signals were recorded using EPLYZER II (KISSEI COMTEC Co. Ltd., Nagano, Japan). The active electrode was located 2 cm posterior to C3 (C3´), and the reference electrode was located at the midfront (Fz) position according to the international 10-20 system (Klem et al., 1999) . During SEP signal recording, the subjects were comfortably seated on a reclining chair in a shield room.
The SEP signals were recorded from 50 ms before to 200 ms after the stimuli at a sampling rate of 5 kHz.
Experimental procedure
The subjects received the following stimulus conditions: (i) high-intensity PES and (ii) low-intensity PES.
The PES sessions were separated by at least 3 days, and the order was counterbalanced among the subjects.
In Experiment 1, GOT was performed before and immediately after PES. Each GOT consisted of 160 trials (20 trials for two orientations × 8 different groove widths). The domes were presented in following order: 3.0, 2.0, 1.5, 1.2, 1.0, 0.75, 0.5, and 0.35 mm. During trials, domes were randomly oriented orthogonal or parallel to the long axis of the index finger. Each dome was presented 10 times in both orientations. After the dome touched the index finger pad, the subjects were required to judge the dome orientation and press one button to indicate that they perceived the orthogonal direction or another when they perceived the parallel direction.
In Experiment 2, PPD was measured before and immediately after PES. In each measurement block, singleand paired-pulse stimuli were delivered 200 times individually. The stimulus order was counterbalanced among subjects.
Data analysis
In Experiment 1, we analyzed the percentage of correct responses at each grating width. Grating width was also plotted against the percentage of correct responses and fitted by logistic regression based on a generalized linear model. The linear regression coefficient was calculated using the following equation:
K: linear regression coefficient; X: grating width; Y: correct response rate.
In this study, the values of the linear regression coefficients (K 2 ) were considered with tactile sensitivity.
In addition, the gating orientation discrimination threshold was calculated using the following equation:
We first examined whether the percentage of correct responses, grating orientation discrimination threshold, the value of linear regression coefficient, and changes in grating orientation discrimination threshold and regression coefficients (e.g., following PES) fit a normal distribution using the Shapiro-Wilk test. Using the Smirnov-Grubbs test, we examined whether the percentage of correct responses, grating orientation discrimination threshold, and linear regression coefficient value were outliers; subsequently, we eliminated the outliers. The percentage of correct responses was analyzed by three-way repeated measures analysis of variance (ANOVA), with the main factors being stimulus intensity (high-or low-intensity PES), grating width (3.0, 2.0, 1.5, 1.2, 1.0, 0.75, 0.5, or 0.35 mm), and time (before or immediately after PES). We compared the effect of PES on the grating orientation discrimination threshold and linear regression coefficient value using analysis of covariance (ANCOVA), with each data immediately after and before PES as dependent variable and covariate, respectively. In addition, we tested the correlation between the value of linear regression coefficient before PES and changes in the value of the linear regression coefficient induced by PES as well as the correlation between the grating orientation discrimination threshold before PES and the changes in grating orientation discrimination threshold after PES employing Spearman's rank correlation coefficients. The 25 subjects were divided into two groups according to the change in grating orientation discrimination threshold induced by PES: a GOT improvement group exhibiting decreased grating orientation discrimination threshold and a GOT decrement group exhibiting increased grating orientation discrimination threshold. The changes in the percentage of correct response at all grating widths in the GOT improvement and decrement groups were analyzed using the Friedman test. Further, we compared the changes in the percentage of correct response among each grating width using the Friedman test. In addition, the changes in the percentage of correct responses at each grating width were compared between the GOT improvement and decrement groups using the Mann-Whitney test. The grating orientation discrimination threshold before and immediately after high-intensity PES was analyzed in GOT improvement and decrement groups using the Friedman test. Further, we compared the grating orientation discrimination threshold between before and immediately after high-intensity PES using the Mann-Whitney test. In addition, the 25 subjects were divided into two groups according to GOT discrimination threshold before PES: a low performance group exhibiting a GOT discrimination threshold smaller than median value and high performance group exhibiting a threshold larger than the median value.
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In Experiment 2, we analyzed the peak-to-peak amplitude of N20/P25 and the peak amplitudes of N20 and P25 in response to the first pulse of the paired-pulse stimulus (A1) directly from the SEP waveform. The peak-to-peak amplitude of N20/P25 and peak amplitudes of N20 and P25 in response to the second pulse of the paired-pulse stimulus (A2) were acquired from the SEP waveform of the paired-pulse minus that recorded for a single-pulse paradigm. The values for N20/P25_SEP-PPD, N20_SEP-PPD and P25_SEP-PPD are expressed as the ratios of the SEP amplitude of the second to the first response (A2/A1). We examined whether each SEP-PPD, the peak-to-peak amplitude of N20/P25, and the peak amplitudes of N20 and P25 in response to the first and second pulses of the paired-pulse stimulus were normally distributed using the Shapiro-Wilk test and whether these in response to the first and second pulses of the paired-pulse stimulus were outliers using Smirnov-Grubbs test, and we subsequently eliminated the outliers. We compared the effect of PES on N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD using ANCOVA, with each SEP-PPD data immediately after and before PES as dependent variable and covariates, respectively. The peak-to-peak amplitude of N20/P25 and the peak amplitudes of N20 and P25 in response to the first and second pulses of the paired-pulse stimulus were analyzed by two-way analysis of variance (ANOVA), with the main factors being stimulus intensity (high-or low-intensity PES) and time (before or immediately after PES). In addition, we examined whether N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD in the GOT improvement and decrement groups were normally distributed using the Shapiro-Wilk test. We analyzed the baseline N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD using two-way ANOVA with main factors stimulation intensity (high-intensity PES or low-intensity PES) and group (GOT improvement group or GOT decrement group). We then compared N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD before and immediately after PES in both the GOT improvement group and GOT decrement groups using Mann-Whitney 12 test. We examined whether the peak amplitudes of N20 in response to both the first and second pulse of the paired-pulse stimulus were normally distributed using the Shapiro-Wilk test. To analyze changes in N20_SEP-PPD induced by high-intensity PES in both GOT improvement and GOT decrement groups, we compared the peak amplitudes of N20 in response to the first pulse of the paired-pulse stimulus (A1) and the second N20 response of the paired-pulse minus single-pulse stimulus (A2) before and immediately after PES using the Wilcoxon signed-rank test. In addition, using the Shapiro-Wilk test, we examined whether the changes in the grating orientation discrimination threshold and linear regression coefficients (e.g., following PES) and those in N20_SEP-PPD in the low and high GOT performance groups fit a normal distribution. Further, we analyzed the correlation between the PES-induced changes in grating orientation discrimination threshold and N20_SEP-PPD in GOT improvement and decrement groups and between the changes in the linear regression coefficient values after PES and those in N20_SEP-PPD after PES using Pearson correlation coefficients or Spearman's rank correlation coefficient. We also tested the correlation between the change in grating discrimination threshold and that in the coefficient of linear regression induced by PES and the change in N20_SEP-PPD induced by PES using the Pearson correlation coefficients or Spearman's rank correlation coefficient in low performance and high performance groups. Finally, we examined whether PES intensity was normally distributed in each condition using the Shapiro-Wilk test and compared high-intensity to low-intensity PES in each experiment using the Wilcoxon signed-rank test.
All statistical analyses were performed using SPSS ver25 for Mac. Statistical significance was defined as P < 0.05.
RESULTS
Stimulus intensity
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In Experiment 1, average high-intensity PES was significantly greater than the average low-intensity PES (13.6 ± 2.4 mA vs. 3.3 ± 1.1 mA; t (25) = −4.373, P < 0.001, r = 0.88). Similarly in Experiment 2, high-intensity PES was significantly greater than low-intensity PES (14.4 ± 2.1 mA vs. 3.8 ± 1.0 mA; t (25) = −4.374, P < 0.001, r = 0.88).
Effect of PES on perceptual performance in the GOT (Experiment 1)
The effects of PES on correct response rate (%) at all grating widths are shown in Figure 2 for the entire subject cohort. As expected, the three-way repeated measures ANOVA indicated a significant effect of grating width (F (7, 105) = 155.565, P = 1.94e-52) on the correct response rate but no significant effect of stimulus intensity (F (1, 15) = 0.060, P = 0.809) or time (F (1, 15) = 0.590, P = 0.454); in addition, although it showed significant interactions between stimulus intensity and time (F (1, 15) = 7.039, P = 0.018) and between stimulus intensity and grating width (F (7, 105) = 2.724, P = 0.012), it showed no significant interaction between time and grating width (F (7, 105) = 0.477, P = 0.849) and among stimulus intensity, grating width, and time (F (7, 105) = 0.348, P = 0.930). Neither high-nor low-intensity PES showed significant effects on correct response rate at any width for the entire cohort (all P > 0.05). Table 1 summarizes the effects of PES on grating orientation discrimination threshold and linear regression coefficient for the entire subject cohort.
Notably, ANCOVA revealed no significant effect of PES on the grating orientation discrimination threshold (F (1, 43) = 0.002, P = 0.963) and linear regression coefficient value (F (1, 44) = 1.380, P = 0.246), indicating no significant difference in terms of high-and low-intensity PES effects on the grating orientation discrimination threshold and linear regression coefficient.
It is possible, however, that effects of PES are obscured by subject heterogeneity. Therefore, we analyzed the association between baseline orientation discrimination threshold and the change induced by PES (i.e., the 14 differential effect of PES according to individual perceptual performance ability in the GOT) (Figure 3) . A negative correlation was observed between the change in grating orientation discrimination threshold induced by high-intensity PES and grating orientation discrimination threshold at baseline (Spearman's R = −0.604, P = 0.001). In contrast, we found no significant correlation between change in grating orientation discrimination threshold induced by low-intensity PES and grating orientation discrimination threshold at baseline (Spearman's R = −0.180, P = 0.389). Furthermore, we found a negative correlation between the change in linear regression coefficient induced by high-intensity PES and the linear regression coefficient at baseline (Spearman's R = −0.626, P = 0.001). In contrast, we found no significant correlation between changes in linear regression coefficient induced by low-intensity PES and linear regression coefficient at baseline (Spearman's R = −0.078, P = 0.709). These results indicated that high-intensity PES was effective in improving perceptual performance in GOT (i.e., lowering the orientation discrimination threshold), but only in subjects with high baseline grating orientation discrimination threshold (i.e., low baseline GOT performance). In contrast, the effect of low-intensity PES on GOT performance was not associated with baseline GOT performance.
To analyze the differential effect of PES intensity on perceptual performance in greater detail, we classified the subjects into two groups: those showing a decrease in grating orientation discrimination threshold following PES (GOT improvement group) and those showing an increase in grating orientation discrimination threshold following PES (GOT decrement group). In the high-intensity PES condition, 11 subjects were included in the GOT improvement group and the remaining 14 in the GOT decrement group. In the low-intensity PES condition, 13 subjects were included in the GOT improvement group and the remaining 12 subjects were included in the GOT decrement group.
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We then compared the effects of PES on GOT performance between the GOT improvement group and GOT decrement group. Table 2 summarizes the effects of high-intensity PES on the grating orientation discrimination threshold for the complete subject cohort. We found significant differences in terms of the grating discrimination threshold between the values before and immediately after high-intensity PES and/or between the GOT improvement and decrement groups (F (11) = 19.691, P ≤ 0.01). In the GOT improvement group, the grating discrimination threshold immediately after high-intensity PES was significantly lower than the baseline threshold (t (11) = −2.934, P ≤ 0.01, r = 0.89). On the other hand, the grating discrimination threshold immediately after high-intensity PES was significantly higher than baseline threshold in the GOT decrement group (t (14) = 3.296, P ≤ 0.01, r = 0.88). Changes in correct response rate induced by PES at all grating widths are shown in Figure 4 . The Friedman test revealed significant difference in terms of the changes in the correct response rate following high-intensity PES at each grating width between the GOT improvement and decrement groups and/or the changes in the correct response rate among each grating width (χ 2 (11) = 29.046, P ≤ 0.05). Notably, we found no significant differences in terms of the changes in the correct response rate following high-intensity PES among each grating width (GOT improvement group: χ 2 (11) = 3.882, P = 0.793; GOT decrement group: χ 2 (14) = 11.389, P = 0.123). The change in the correct response rate induced by high-intensity PES significantly differed between the GOT improvement and decrement groups when the grating width was 1.2 or 1.5 mm (1.2 mm: U (11, 14) = −2.309, P ≤ 0.05, r = 0.44; 1.5 mm: U (11, 14) = −2.180, P ≤ 0.05, r = 0.46; Mann-Whitney test). On the other hand, the Friedman test revealed significant differences in terms of the changes in the correct response rate following low-intensity PES at each grating width between the GOT improvement and decrement groups and/or the changes in the correct response rate among each grating width (χ 2 (12) = 25.823, P ≤ 0.05). We found significant effect of grating width on the changes in the correct response rate following low-intensity PES in the GOT improvement group (χ 2 (13) = 20.248, P ≤ 0.01; Friedman test) but no significant differences in terms of the changes in the correct response rate following low-intensity PES in the GOT improvement group among each grating width (all P > 0.05; Wilcoxon signed-rank test with Bonferroni correction). In addition, we found no significant effect of grating width on the changes in the correct response rate following low-intensity PES in the GOT decrement group (χ 2 (12) =3.933, P = 0.787). The changes in the correct response rate induced by low-intensity PES significantly differed between the GOT improvement and decrement groups when the grating width was 0.5 mm (U (13, 12) = −2.620, P ≤ 0.01, r = 0.52; Mann-Whitney test). These results indicate that high-intensity PES is more effective at improving GOT performance at grating widths of 1.2 and 1.5 mm in the GOT improvement group than in the GOT decrement group.
Effect of PES on N20/P25_PPD and N20_SEP-PPD (Experiment 2)
The effects of PES on N20/P25_SEP-PPD, N20_SEP-PPD, and P25_SEP-PPD are summarized in Table 3. ANCOVA also did not reveal a significant effect of PES on each SEP-PPD (N20/P25_SEP-PPD: F (1, 47) = 0.191, P = 0.664; N20_SEP-PPD: F (1, 47) = 0.475, P = 0.494; and P25_SEP-PPD: F (1, 47) = 0.047, P = 0.829, respectively). The effects of PES on the peak-to-peak amplitude of N20/P25 and the peak amplitudes of N20 and P25 in response to the first and second pulses of the paired-pulse stimulus are summarized in Table 4 . Two-way ANOVA revealed no significant effect of stimulus intensity on the peak-to-peak amplitude of N20/P25 (first SEP, F (1, 96) = 0.002, P = 0.968; second SEP, F (1, 96) = 0.306, P = 0.581), the peak amplitudes of N20 (first SEP, F (1, 96) = 0.054, P = 0.816; second SEP, F (1, 96) = 0.005, P = 0.946), or the peak amplitudes of P25 (first SEP, F (1, 96) = 0.039, P = 0.845; second SEP, F (1, 96) = 0.537, P = 0.465) and no significant effect of time on the peak-to-peak amplitude of N20/P25 (first SEP, F (1, 96) = 0.179, P = 0.673; second SEP, F (1, 96) = 0.387, P = 0.535), the peak amplitude of N20 (first SEP, F (1, 96) = 0.056, P = 0.813; second SEP, F (1, 96) = 6.0e -6 , P = 0.998), or the peak amplitude of P25 (first SEP, F (1, 96) = 0.183, P = 0.669; second SEP, F (1, 96) = 0.671, P = 0.415). In addition, we found no significant correlation between stimulus intensity and time on the peak-to-peak amplitude of N20/P25 (first SEP, F ( In separate group analyses, we found no effect of PES on N20/P25_SEP-PPD or P25_SEP-PPD in either the GOT improvement or GOT decrement group (all P > 0.05, Wilcoxon signed-rank test). However, high-intensity PES significantly reduced N20_SEP-PPD in the GOT improvement group (t (11) = 2.401, P ≤ 0.05, r = 0.72, Wilcoxon signed-rank test) and significantly increased N20_SEP-PPD in the GOT decrement group (t (14) = −2.794, P ≤ 18 0.01, r = 0.75, Wilcoxon signed-rank test). Conversely, low-intensity PES has no effect on any SEP-PPD value in the GOT improvement group (all P > 0.05, Wilcoxon signed-rank test). While low-intensity PES had no effect on N20/P25_SEP-PPD and N20_SEP-PPD in the GOT decrement group (all P > 0.05, Wilcoxon signed-rank test), P25_SEP-PPD after low-intensity PES was higher than that at the baseline (t (12) = 2.040, P ≤ 0.05, r = 0.59, Wilcoxon signed-rank test). These results indicate that high-intensity PES differentially modulates N20_SEP-PPD and that the direction of change is associated with the effect of PES on perceptual performance (reduced N20_SEP-PPD associated with improved GOT performance and increased N20_SEP-PPD associated with reduced GOT performance).
SEP-PPD can be altered by changes in either the first response amplitude (A1) or the second (A2). To reveal the specific cortical response altered by high-intensity PES, we analyzed the effects on the first and second N20
responses. Grand averaged SEP waveforms induced by single-and paired-pulse stimuli applied to the median nerve in each PES condition are presented in Figure 7 , and the effects of high-and low-intensity PES on the first (A1) and second response (A2) for N20 the component are shown in Figure 8 . High-intensity PES had no effect on the first N20 response in either GOT performance group (GOT improvement group: t (11) = 0.889, P = 0.374, GOT decrement group: t (14) = 0.031, P = 0.975; Wilcoxon signed-rank test). However, high-intensity PES significantly increased the second N20 component in the GOT improvement group (t (11) = 2.934, P ≤ 0.01, r = 0.89; Wilcoxon signed-rank test), thereby reducing N20_SEP-PPD, and decreased the second N20 response in the GOT decrement group (t (14) = −2.103, P ≤ 0.05, r = 0.56; Wilcoxon signed-rank test), thereby increasing N20_SEP-PPD. Alternatively, there was no effect of low-intensity PES on N20 components in response to the first or second pulse in either group (all P > 0.05; Wilcoxon signed-rank test). These results suggest that a differential change in the second N20 response may account for the unique perceptual responses of the GOT decrement and GOT improvement groups.
Correlation between GOT performance and N20_SEP-PPD (Experiment 1 and 2)
To provide further evidence that distinct changes in N20_SEP-PPD account for the difference in perceptual response between GOT performance groups following PES, we analyzed the association between the change in GOT performance and the change in N20_SEP-PPD induced by high-intensity PES in both GOT improvement and GOT decrement groups ( Figure 9 ). In the GOT improvement group, a negative correlation was observed between changes in discrimination threshold and N20_SEP-PPD induced by high-intensity PES (Spearman's R = −0.627, P ≤ 0.05). Furthermore, a positive correlation was observed between the change in linear regression coefficient induced by high-intensity PES and the change in N20_SEP-PPD induced by high-intensity PES (Spearman's R = 0.882, P ≤ 0.01). These results indicate that a larger decrease in SEP-PPD (higher A2/A1 ratio) led to improved perceptual performance. On the other hand, we found no significant correlation between grating orientation discrimination threshold and N20_SEP-PPD (Spearman's R = 0.086, P = 0.771), and no significant correlation between the change in linear regression coefficient induced by high-intensity PES and the change in N20_SEP-PPD induced by high-intensity PES (Pearson's R = −0.113, P = 0.703) in the GOT decrement group.
These results indicate that the improved tactile performance after high-intensity PES in the GOT improvement group is strongly related to a reduction in N20_SEP-PPD.
To provide further evidence that high-intensity PES differentially modulates perceptual performance and N20_SEP-PPD depending on baseline perceptual performance, we analyzed the association between the change in GOT performance and the change in 
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DISCUSSION
There are three important findings from this study. First, high-intensity PES effectively improved GOT performance in subjects with low GOT performance at baseline. Second, high-intensity PES effectively decreased N20_SEP-PPD in the GOT improvement group, but increased N20_SEP-PPD in the GOT decrement group. Third, improved GOT performance following high-intensity PES was correlated with the magnitude of N20_SEP-PPD reduction in the GOT improvement group and low baseline performance group. Thus, appropriate PES can improve GOT performance in individuals with low baseline ability, possibly by suppressing SEP-PPD in specific regions of somatosensory cortex.
Effect of PES on perceptual performance in a GOT
High-intensity PES improved perceptual performance in subjects with low GOT performance at baseline.
Similarly, Dinse et al. (2006) reported that repeated tactile stimulation (analogous to PES) improved tactile spatial two-point discrimination of the stimulated finger when discrimination performance was low at baseline.
Collectively, these results indicate that the differential effect of high-intensity PES on perceptual performance is related to individual baseline perceptual performance. In contrast, a previous study has found no effect of high-intensity PES on GOT performance (Rocchi et al., 2017) . This discrepancy may be related to the greater absolute magnitude of PES used as high-intensity in the current study (14 mA in the current study vs. 5 mA in Rocchi et al., 2017) . Our results, however, are consistent with those reported by Schlieper and Dinse (2012) , who found that high-intensity PES effectively improved tactile two-point discrimination performance, while low-intensity PES had no effect on performance. Collectively, these results suggest that the effect of PES on perceptual performance depends on PES intensity and that the higher PES intensity in the present study may have been the primary factor in improved GOT discrimination performance.
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Furthermore, in present study, we noted a regression at approximately 1 mm in the grating discrimination threshold regardless of the group. A previous study reported that the mean value of the grating discrimination threshold at the finger was 0.94 mm (Van Boven and Johnson, 2001 ). Thus, high-intensity PES possibly plays an important role in converging the grating discrimination threshold on optimal threshold; nonetheless, the reasons for this convergence following high-intensity PES are yet to be investigated. However, it might relate to homeostatic plasticity in the primary somatosensory cortex.
Perhaps, equivalent synaptoplastic changes in the high baseline GOT performance group would induce hypersensitivity. Additional studies are warranted to reveal the reason behind high-intensity PES converging the grating discrimination threshold on optimal threshold.
Effect of PES on PPD
High-intensity PES had no effect on N20/P25_SEP-PPD or P25_SEP-PPD in either group, but significantly decreased N20_SEP-PPD in the GOT improvement group and increased N20_SEP-PPD in the GOT decrement group. In contrast, a previous study found that N20/P25_SEP-PPD was increased following PES to the fingers (Rocchi et al., 2017) . However, the properties of SEP-PPD appear to depend on the IPI. For instance, repetitive tactile stimulation was reported to decrease N20/P25_SEP-PPD at an IPI of 30 ms, but did not affect N20/P25_SEP-PPD at an IPI of 100 ms (Hoffken et al., 2007) . As in Hoffken et al. (2007), we employed a paired-pulse protocol with IPI of 100 ms, so the absence of an effect on N20/P25_SEP-PPD is consistent with their findings. The specific inhibitory circuits activated by the paired-pulse paradigm may differ depending on IPI. Therefore, it is possible that changes in N20/P25_SEP-PPD could be induced by PES at other IPIs.
Nonetheless, high-intensity PES significantly affected N20_SEP-PPD at ISI = 100 ms in both groups, which suggests that distinct circuits in different cortical areas underlie N20/P25_SEP-PPD and N20_SEP-PPD. The 23 N20 at position C3' appears to originate from area 3b (Allison et al., 1989) , while P25 at C3' arises from areas 1 and 2 (Allison et al., 1991) and 4 (Desmedt et al., 1985) . Therefore, high-intensity PES to the right index finger may differentially influence circuits mediating N20_SEP-PPD. Furthermore, Chowdhury et al (2003) have reported that GABA A receptor activity is predominant in PPD at ISI = 5 ms, while GABA B receptor activity is predominant in PPD at ISI = 100 ms. Thus, different GABA-mediated inhibitory circuits in primary somatosensory cortex may mediate SEP-PPD depending on ISI. High-intensity PES may more effectively influence the GABAergic circuits in primary somatosensory cortex that impact GOT discrimination performance.
However, Rocchi and colleagues found that improvement in somatosensory temporal discrimination performance was significantly related to increasing SEP-PPD at ISI = 5 ms (Rocchi et al., 2017) and decreasing SEP-PPD at ISI = 5 ms (Rocchi et al., 2016) . Thus, additional studies under constant conditions are necessary to assess whether high-intensity PES influences SEP-PPD depending on ISI.
Correlation between GOT performance and N20_SEP-PPD
Improved GOT performance following high-intensity PES was correlated with the magnitude of N20_SEP-PPD reduction in the GOT improvement group and low performance group. Similarly, Hoffken et al (2007) reported that improved spatial two-point discrimination of the stimulated finger after repeated tactile stimulation was related to reduction in N20/P25_SEP-PPD at ISI = 30 ms. Further, Rocchi et al (2016) observed that improvement in a somatosensory temporal discrimination task following cTBS to primary somatosensory cortex was associated with N20_SEP-PPD at ISI = 5 ms. In direct contrast to our findings, however, Rocchi et al (2017) have reported that the mechanism underlying improved somatosensory temporal discrimination after high-intensity PES was related to increased N20/P25_SEP-PPD at ISI = 5 ms. The reasons for these apparent differences in inhibitory mechanism underlying improving perceptual performance remain to be investigated.
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Perhaps distinct GABAergic inhibitory circuits in primary somatosensory cortex are recruited and altered by specific PES protocols and differentially regulate discrimination depending on sensory stimulus characteristics.
In conclusion, high-intensity PES differentially affected perceptual performance depending on individual baseline ability. High-intensity PES improved perceptual discrimination in subjects with low baseline performance, and this improvement was associated with reduced SEP-PPD of the stimulus evoked potential N20 waveform. It might be possible to influence somatosensory function in patients with central nervous system injuries by specific application of PES. high-intensity PES and (ii) low-intensity PES. The order of PES sessions was counterbalanced among the subjects. In Experiment 1, GOT was performed before and immediately after PES. In Experiment 2, PPD of the sensory-evoked potential was measured before and immediately after PES.
PES, peripheral electrical stimulation; GOT, grating orientation task; PPD, pair-pulse depression Figure 2 Comparison of correct response rate (%) to grating orientation (parallel or orthogonal) at all grating widths before (baseline) and immediately after high-intensity PES (upper) and low-intensity PES (lower). For the entire cohort, correct response rate was not altered after PES at any grating width.
PES, peripheral electrical stimulation Figure 3 Correlation between the change in grating orientation discrimination threshold induced by PES and baseline grating orientation discrimination threshold for high-intensity PES (left) and low-intensity PES conditions (right) in each subject (n = 25). A negative correlation was observed between the change in grating orientation performance (grating orientation discrimination threshold and linear regression coefficient) and grating orientation performance at baseline in the high-intensity PES condition.
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PES, peripheral electrical stimulation Figure 4 Comparison of changes in correct response rate (%) induced by high-intensity PES (upper) and low-intensity PES (lower) at all grating widths between the GOT improvement group (white boxes) and GOT decrement group (gray boxes). Changes in correct response rate induced by high-intensity PES differed significantly between GOT improvement and GOT decrement groups at grating widths of 1.5 and 1.2 mm. On the other hand, changes in correct response rate induced by low-intensity PES differed significantly between GOT improvement and GOT decrement groups only at a grating width of 0.5 mm. *P < 0.05.
PES, peripheral electrical stimulation; GOT, grating orientation task Figure 5 Effect of high-intensity PES on N20/P25_SEP-PPD (upper), N20_SEP-PPD (bottom), and P25_SEP-PPD (lower) in each group (white boxes: before PES, gray box: immediately after PES). High-intensity PES significantly decreased N20_SEP-PPD in the GOT improvement group, and significantly increased N20_SEP-PPD in the GOT decrement group.
PES, peripheral electrical stimulation; GOT, grating orientation task; SEP-PPD, sensory-evoked potential paired-pulse depression Figure 6 30 Effect of low-intensity PES on N20/P25_SEP-PPD (upper), N20_SEP-PPD (bottom), and P25_SEP-PPD (lower) in each group (white box: before PES, gray box: immediately after PES). Low-intensity PES had no effect on each SEP-PPD in each group.
PES, peripheral electrical stimulation; GOT, grating orientation task; SEP-PPD, sensory-evoked potential paired-pulse depression Effect of high-intensity PES (upper) and low-intensity PES (lower) on the SEP N20 component evoked by the first and second pulses of the paired-pulse stimulus in the GOT improvement group (left) and GOT decrement group (right) (white boxes: before PES, gray box: immediately after PES). High-intensity PES significantly increased the N20 component in response to the second pulse in the GOT improvement group, but significantly decreased the N20 component in response to the second pulse in the GOT decrement group.
PES, peripheral electrical stimulation; GOT, grating orientation task Figure 9 Correlation between change in grating orientation performance and change in N20_SEP-PPD induced by high-intensity PES for each subject (n = 11) in the GOT improvement group (upper) and for each subject (n = 14) in the GOT decrement group (lower). A negative correlation was observed between the change of grating orientation discrimination threshold and the N20_SEP-PPD change in the GOT improvement group.
Furthermore, a positive correlation was observed between the change of linear regression coefficient and the N20_SEP-PPD change in the GOT improvement group.
PES, peripheral electrical stimulation; GOT, grating orientation task; SEP-PPD, sensory-evoked potential paired-pulse depression Figure 10 Correlation between change in grating orientation performance and change in N20_SEP-PPD induced by high-intensity PES in the baseline low performance group (upper) observed for each subject (n = 13) and baseline high performance group (lower) observed for each subject (n = 12). A negative correlation was observed between the change of grating orientation discrimination threshold and the N20_SEP-PPD change in the low performance group. Furthermore, a positive correlation was observed between the change of linear regression coefficient and the N20_SEP-PPD change in the low performance group.
PES, peripheral electrical stimulation; SEP-PPD, sensory-evoked potential paired-pulse depression Table 1 Effect of PES on grating orientation discrimination threshold and linear regression coefficient 32 Table 2 Effect of high-intensity PES on grating orientation threshold in GOT improvement group and GOT decrement group Table 3 Effect of PES on N20/P25_SEP-PPD, N20_SEP-PPD and P25_SEP-PPD Table 4 Effect of PES on the peak-to-peak amplitude of N20/P25 and peak amplitudes of N20 and P25 in response to both first and second pulses of the paired-pulse stimulus 33 Table 1   Table 2   Table 3   Table 4 Before ( 
